The excited state dynamics of polycrystalline tetracene films are studied using femtosecond transient absorption in combination with picosecond fluorescence, continuing work reported in an earlier paper leads to rapid singlet decays, but at excitation densities of 2 × 10 17 cm −3 or less the kinetics of the transient absorption match those of the fluorescence. At these lower excitation densities, both measurements confirm that the initially excited singlet state relaxes with a decay time of 80 ± 3 ps, not 9.2 ps as claimed in the earlier paper. In order to investigate the origin of the singlet decay, the wavelength-resolved fluorescence dynamics were measured at 298 K, 77 K, and 4 K. A high-energy J-type emitting species undergo a rapid (∼100 ps) decay at all temperatures, while at 77 K and 4 K additional species with H-type and J-type emission lineshapes have much longer lifetimes. A global analysis of the wavelength-dependent decays shows that the initial ∼100 ps decay occurs to a dark state and not via energy transfer to lower energy bright states. Varying the excitation wavelength from 400 nm to 510 nm had no effect on the fast decay, suggesting that there is no energy threshold for the initial singlet relaxation. The presence of different emitting species at different temperatures means that earlier interpretations of the fluorescence behavior in terms of one singlet state that is shortlived due to singlet fission at high temperatures but long-lived at lower temperatures are probably too simplistic. The presence of a rapid singlet decay at all temperatures indicates that the initially created J-type singlet exciton decays to an intermediate that only produces free triplets (and delayed fluorescence) at high temperatures.
INTRODUCTION
Organic photovoltaic materials have the potential to lower the cost of solar energy conversion, but the overall efficiency of devices based on these materials still lags that of inorganic devices. In addition to simply replacing inorganic active materials, it is possible that organics also possess unique photophysical properties that enable them to surpass the performance of standard inorganic cells. For example, the larger members of the polyacene family (anthracene, tetracene, pentacene) undergo a process known as singlet fission (SF), where an initially photoexcited singlet state spontaneously splits into a pair of lower energy triplet states. [1] [2] [3] Although this phenomenon has been recognized for almost 50 yr 4 and has been invoked to explain relaxation dynamics in a variety of conjugated organic materials, the study of SF has recently acquired a new urgency in the context of solar energy. 5 This type of 1 → 2 multiple exciton generation scheme has the potential to raise the efficiency of a single junction solar cell by as much as 40%, assuming that the a) Electronic mail: christopher.bardeen@ucr.edu. triplet excitons can be efficiently converted into electron-hole pairs. 6, 7 The possibility of harnessing a new type of photophysical process to increase photovoltaic efficiencies has led to an increased research focus on SF and how it occurs. Solid pentacene has recently been the subject of several investigations of SF (Refs. [8] [9] [10] [11] [12] [13] , and recent results suggest SF yields can approach 200% in carotenoid aggregates and isobenzofuran thin films. [14] [15] [16] SF has also been observed in covalent dimer molecules, albeit with much lower yields. [17] [18] [19] In order to optimize the SF process, an improved physical understanding of the process and how it depends on molecular structure is required. A key question is how the arrangement and electronic interaction between chromophores influences the SF process, 3, 20, 21 for example, through the formation of delocalized electronic states. Such effects could provide an explanation for the low rate of SF in tetracene dimers, where the initially excited singlet is localized on a single tetracene molecule, 19 relative to that in crystalline tetracene, where the singlet is delocalized over multiple molecules. [22] [23] [24] SF was identified in crystalline tetracene in 1968 (Ref. 25) and recently has been proposed to play a role in organic solar cells where tetracene is a component. 26 Crystalline tetracene has the advantage that multiple techniques have been used to study triplet formation and relaxation, including magnetic field effects, [27] [28] [29] and electron spin resonance. [30] [31] [32] [33] In an effort to better understand the kinetics of SF in the crystalline solid, we recently published a paper (hereafter referred to as Paper I) comparing the timeresolved fluorescence and transient absorption (TA) experiments on isolated tetracene molecules in solution to those on polycrystalline thin films at room temperature. 34 In that work, we found that the T 1 → T N absorption that is easily observed in solution is almost unobservable in thin films. Nevertheless, we could confirm that triplets are the predominant species produced by singlet relaxation by comparing the long-time bleach recovery in the TA to the decay of the delayed fluorescence due to triplet recombination. A second issue was that the decay time of the stimulated emission in the pump-probe signal (∼10 ps) was much more rapid than the decay of the fluorescence signal (∼100 ps). We attributed this discrepancy to the rapid relaxation of the initially excited singlet exciton through two channels, namely, SF (major channel) and also into a luminescent defect site (minor channel), in analogy to what we had observed earlier in polycrystalline anthracene, a closely related system. 35 The present paper represents an effort to update our earlier conclusions and extend our measurements to lower temperatures, where the SF relaxation channel is believed to become thermally inaccessible in tetracene. There are two main goals of this paper. The first goal is to examine the intensity dependence of the singlet decay, as measured by both fluorescence and TA, in order to see if exciton-exciton annihilation provides a better explanation for the discrepancy between the two measurements seen in Paper I. Indeed, once we use a more sensitive technique to measure the TA dynamics over several orders of magnitude in pump pulse energy, we find that there is a strong dependence on pump fluence. The fluorescence and TA decays are identical at excitation densities of 2 × 10 17 cm −3 or less, where exciton-exciton annihilation is negligible. Thus there is no longer a need to invoke a separate fluorescent defect site to explain the room temperature photophysics of tetracene thin films -a single species is responsible for both the fluorescence decay and the bleach/stimulated emission signal seen in the visible region of the TA data. A second question we wanted to answer was whether the decay of the singlet is due entirely to SF. The traditional picture of SF in tetracene postulates that there exists a barrier of 1000-2000 cm −1 for the creation of the triplet pair state, resulting in the SF channel effectively turning off at ∼150 K. We find that the rapid initial decay of the singlet persists at 77 K and 4 K, but that the delayed fluorescence disappears at lower temperatures, replaced by emission from multiple low energy species that have longer lifetimes and lead to increased "prompt" fluorescence. Measuring the initial fluorescence decay for different excitation wavelengths at both 298 K and 77 K provides no evidence for an energy threshold for the rapid decay at either temperature. Our results suggest that the initial decay of the singlet exciton is not thermally activated, and that an intermediate state is involved in the formation of the free triplets observed at room temperature. The observations in this paper extend and correct some of the conclusions of Paper I and provide more detailed information on the complicated photophysics of this prototypical organic semiconductor.
EXPERIMENTAL
All tetracene samples were made using tetracene purchased from Aldrich (sold as Benz [b] anthracene sublimed grade, 99.99% trace metals basis) and used as received. In order to prevent oxidation, the tetracene vial and all samples were kept in an evacuated dessicator in order to limit their exposure to oxygen. Polycrystalline films were grown by vacuum evaporation in a Pelco vacuum evaporator onto a glass microscope slide at pressures less than 1.5 × 10 −5 Torr. All measurements were taken with the films mounted inside of an evacuated cryostat with pressures of 1 × 10 −3 Torr or less. Time-resolved fluorescence experiments were conducted in the same setup as previous experiments, using front face detection with a Hamamatsu C4334 Streakscope picosecond streak camera with varied wavelength excitations. The 400 nm excitation was provided by frequency doubling the 800 nm output of a 40 kHz Spectra-Physics Spitfire Ti:sapphire regenerative amplifier in a β-barium borate (BBO) crystal. In order to prevent scattering of the 400 nm excitation light into the streak camera, a 450 nm long wave pass filter and a 420 nm color filter were placed before the streak camera. White light continuum (WLC) generation in a 3 mm sapphire plate served as the source for all other excitation wavelengths. Specific wavelengths were selected from the WLC using a minichrom monochromator with ∼10 nm bandwidth, while a 514 nm cutoff filter was used to prevent scattered excitation from reaching the streak camera. The detection was polarized at magic angle relative to the excitation wavelength for all fluorescence experiments. The fluorescence decays were integrated from 500 to 640 nm unless otherwise noted. Multiple wavelength global analysis of the fluorescence decays was performed using a commercial program (FAST, Edinburgh Instruments).
Single channel pump-probe experiments were done with the probe beam at the magic angle relative to the pump beam. Both the pump and probe beams were provided by a 1 kHz Coherent Libra Ti:sapphire regenerative amplifier system operating at 800 nm. The pump beam at 400 nm was created by frequency doubling the 800 nm in a BBO crystal. The WLC generated in a 3 mm sapphire plate was the source for the probe beam. The WLC was split into the probe beam and a reference beam, and both were directed to balanced photodiodes. These signals were subtracted in a lock-in amplifier and normalized by the probe power in order to get the T/T signal. These values are converted to units of A using the relation T T = −2.303 A which is correct as long as A is less than 1 × 10 −3 . Two different methods were used to acquire the single channel data. The first method selected the probe wavelength by using a pair of Andover 10 nm bandpass 532 nm interference filters placed immediately before the photodiodes. The second method, which allowed us to adjust the wavelength of the probe continuously, involved sending the probe and reference beams at different beam heights through a long focal length fused silica lens. Immediately after the lens, a SF10 prism was used to refract the beams onto an adjustable slit on a translation stage. After the slit, the probe and reference beams were then focused onto their respective photodiodes. The slit width and position were then adjusted to be to give ∼10 nm bandwidth at 528 nm for the 77 K measurements.
Broadband transient absorption data were taken with an Ultrafast Systems Helios transient absorption spectrometer at Argonne National Labs. A Spectra-Physics (SP) Tsunami Ti:sapphire 75 MHz oscillator was used to seed a 1.66 kHz SP Spitfire Pro regenerative amplifier with 150 fs pulsewidth. 95% of the output from the amplifier is used to pump a Topas optical parametric amplifier, which is used to provide the pump beam in the Helios transient absorption setup. The remaining 5% of the amplifier is focused onto a sapphire crystal to create white light continuum to serve as the probe beam. The pump beam was depolarized and chopped at 833 Hz and both pump and probe beams were overlapped in the sample. The probe beam was then focused onto an optical fiber to direct the beam to the spectrometer.
In order to calculate the excitation density, the absorption of the sample at the excitation wavelength is combined with the number of incident photons in order to determine the number of photons absorbed, which is the equivalent to the number of excitations. The volume of excitation was then calculated from the sample thickness and the area of the laser spot. The thickness of the samples was calculated from the absorption using Beer's Law, which previous atomic force microscopy experiments confirmed to be reliable. 34 The spot size of each laser was measured independently by translating a razor blade through the laser focus.
RESULTS AND DISCUSSION
At room temperature, we first examined the intensity dependence of both the fluorescence and TA decays. Fluorescence is such a sensitive technique that we could easily detect the signal at very low pump fluencies, but our signal-to-noise on the spectrally resolved TA setup limited us to measuring signals with a peak absorbance change A on the order of 10 −3 or greater in order to resolve both the short-time and long-time components of the signal. In Paper I, we analyzed data obtained using the highest fluence where the decay appeared to become independent of pump power but where the signal-to-noise was still acceptable. This approach resulted in the pulse energies used for the TA experiments being significantly higher than those used for the fluorescence experiments. In Paper I, the fluorescence decays were measured at excitation densities on the order of 10 16 cm −3 , while the TA data were taken using an excitation density of 2.2 × 10 19 cm −3 . It turns out that this approach was overly optimistic. In the current set of experiments, we chose a wavelength (532 nm) near the peak of the emission and then did single channel pump-probe experiments using lock-in detection and probe subtraction. This single wavelength measurement allowed us to achieve higher signal-to-noise ratios and vary the pump pulse energy over more than two orders of magnitude. Figures 1(a) and 1(b) show the power-dependent singlet decays measured using both picosecond time-resolved 1) in the text. The offset y 0 = 03. The kinetics become intensity independent when the excitation density is less than 2 × 10 17 cm −3 . In both fits, k ee = 10 nm 3 ps −1 and k fiss = 1.25 × 10 −2 ps −1 . The TA signal was normalized after taking the absolute value in order to more easily compare to fluorescence signal.
fluorescence and femtosecond pump-probe experiments. Both sets of data exhibit decay rates that increase as the excitation density increases, although the effect is less pronounced in the fluorescence data in Figure 1 (a) because a different laser system with lower pulse energies was used. The pump-probe data in Figure 1 (b) clearly show the effect of pulse fluence on the initial decay time, which changes from ∼100 ps to 5 ps as the excitation density increases from 5 × 10 16 cm −3 to 6 × 10 18 cm −3 . At the highest pump energies, we also observed highly damped oscillations in the signal, which we ascribe to acoustic modes in the thin film excited by the sudden heat input due to rapid exciton-exciton annihilation. In order to describe the intensity dependence of the signal over the first 300 ps, we use the expression 36, 37 
(1) where 1/k fiss = 80 ps is the intrinsic decay time of the fluorescence which we assume is due to SF, and the exciton-exciton annihilation rate k ee = 1 × 10 −8 cm 3 s −1 . These values are the same as those given in Paper I. The y 0 offset is necessary to take the residual TA bleach signal into account, since the ground state bleach is present even after the singlet exciton has decayed. In the fluorescence data, the y 0 offset is necessary to take the residual delayed fluorescence signal into account. For the fluorescence data, the decay is convolved with a Gaussian instrument response function with a fullwidth half-maximum of 18 ps. For the TA data, the decay is convolved with a Gaussian instrument response function with a full-width half-maximum of 300 fs. Note that this model is simpler than the multiparameter model used in Paper I, since we are only considering the initial decay and not the long-time dynamics of the triplets. The simulated data in Figures 1(a) and 1(b) (dashed lines) are in semiquantitative agreement with the experimental data. This value of k ee slightly overestimates the intensity dependence of the fluorescence decay, which is better fit by k ee = 5 × 10 −9 cm 3 s −1 , but slightly underestimates the power dependence of the pumpprobe signal. As a compromise, we set k ee = 10 −8 cm 3 s −1 but emphasize that this value of k ee has an uncertainty factor of at least 2, mainly due to uncertainties in the calculation of the initial excitation density. This k ee value is close to that measured by Fleming et al. using time-resolved fluorescence (5 × 10 −9 cm 3 s −1 ) 38 but a factor of 10 smaller than that obtained by Swenberg et al. using fluorescence saturation. 36 From a practical standpoint, only when the 400 nm pump fluence drops to 6 μJ/cm 2 or below, corresponding to an excitation density of 2 × 10 17 cm −1 , does the initial decay become independent of pulse energy. This fluence corresponds to a peak A signal of 5 × 10 −5 , which is below the level that can be monitored using our CCD-based spectrally resolved TA system. It should be pointed out that in pentacene, where the SF reaction occurs within 100 fs, 13, 39 it is likely that exciton-exciton annihilation is not competitive with the SF rate even at high excitation densities. In tetracene, once the effect of k ee is eliminated by using low excitation fluences, the fluorescence and pump-probe decays become consistent with each other. To emphasize this fact, Figure 2 (a) shows the normalized fluorescence decay at an excitation density of 1.2 × 10 17 cm −3 , overlaid with the signal calculated using an exponential fit with a 80 ps decay time and a y 0 offset of 0.05. Figure 2(b) shows the experimental low power pumpprobe signal overlaid with the same calculated exponential decay with an offset y 0 = 0.3. Note that the much higher time resolution of the pump-probe experiment leads to the sharper rising edge, but the two decays after time zero are quite similar. The single exponential fit does not quite capture the earliest rapid decay of the pump-probe signal. We do not think there is residual exciton-exciton annihilation at this low fluence since varying the pump fluence within this range did not change the shape of the decay (see Figure 1 of the supplementary material). 40 One explanation could be a slight shifting of the emission in the narrow pump-probe detection window that leads to a more rapid apparent decay. A variable-wavelength study of low power pump-probe spectroscopy of these tetracene films would be desirable but is beyond the scope of this paper. For the sake of simplicity, we have not introduced a biexponential fit, which would provide better agreement with the data at the expense of introducing extra parameters into the kinetic model. The main point is that the good correspondence between the low power fluorescence decay and the pump-probe signal at 532 nm suggests that the room temperature photodynamics are simpler than what was presented in Paper I. First, it is clear that a single species is responsible for both the fluorescence decay and the visible pump-probe signal; there is no longer any reason to invoke defect fluorescence. Second, these results demonstrate that the quantitative analysis of the photophysics requires that we take into account all the relevant processes, and that accurate determination of the singlet exciton relaxation rate requires low excitation densities (2 × 10 17 cm −3 or less). In the remainder of this paper, we will utilize the fluorescence measurements to obtain information about the singlet exciton relaxation. One important question concerning the initially excited singlet is whether its relaxation pathway is dominated by the SF channel. If it is, then the yield of triplet excitons in this material should be close to 200% as described in Paper I. 34 The formation of free triplets in tetracene is known to depend on temperature. Several previous workers showed that when the temperature is lowered in single crystals of tetracene, the magnetic field effect on the fluorescence decreases, while the relative fluorescence quantum yield increases. 27, 41 These results were interpreted in terms of an activated fission rate k fiss . If k fiss decreases at lower temperatures, the total fluorescence yield should increase since SF no longer competes with the radiative decay. Similarly, the sensitivity of k fiss to an applied magnetic field becomes less of a factor in changing the amount of detected fluorescence. According to this interpretation, the initial rapid decay of the singlet should disappear around 150 K. Several workers measured the fluorescence decay of tetracene crystals at 77 K, however, and found that even at this temperature, where there was no measurable magnetic field effect, a significant component of the fluorescence still decayed on a sub-nanosecond time scale. 36, 42, 43 In light of this discrepancy, we decided to revisit these low-temperature measurements in order to clarify the origin of the rapid singlet decay. Previous workers have emphasized the temperature dependence of the fluorescence spectrum in crystalline tetracene as a way to probe exciton delocalization, [22] [23] [24] and Voigt have analyzed the kinetics of the sub-nanosecond shifting of the initial emission at 4 K in detail. 23 None of these papers attempt to analyze their timeresolved data in terms of the SF process, which is assumed to be the dominant relaxation pathway at room temperature. A comprehensive study of the fluorescence dynamics on both short-and long-time scales, along with its implications for SF, has not been reported and is one of the main goals of the present paper. We examined the spectral and temporal properties of the fluorescence decay at different temperatures, keeping the excitation fluence well below the threshold for exciton-exciton annihilation. Figure 3 shows the decay of the integrated fluorescence signal for 298 K, 77 K, and 4 K in the first nanosecond after photoexcitation. Clearly, there is a rapidly decaying component (∼100 ps) present at all three temperatures. After this initial decay, there is a long-lived component that persists on the order of 100 ns. The decays on longer time scales are shown in Figure 4 , along with the biexponential fits to the decay excluding the first 10 ns. At all temperatures, the long-time decays deviate slightly from pure single exponentials, so we fit them with biexponential functions. Once the biexponential parameters are fixed by the long-time window fitting, we then fit the short-time window data in Figure 3 . The results of these fits are summarized in Table I , giving a tri-exponential decay that describes the overall decay on the different time scales. The values in Table I should be taken as a parameterization of the total fluorescence decay, and not as representing distinct physical processes. Two important observations can be taken from the data in Table I . First, the persistence of the ∼100 ps decay component at all temperatures, and second the increasing contribution of the long-time emission to the total fluorescence at lower temperatures. Although it is tempting to ascribe the long-lived component of the fluorescence decay to delayed fluorescence from the initially excited singlet, analysis of the shape of the fluorescence spectra in different time windows shows that this is the case only at 298 K. The evolution of the room temperature emission spectra shown in Figure 5 5-10 ns, and 50-100 ns. The normalized spectra at 298 K are indistinguishable in all three windows, despite the fact that overall decay, shown in Figure 4 (a), is clearly not a single exponential. This room temperature data were analyzed in Paper I, with the same conclusion as previous workers that the longtime component reflects the delayed fluorescence, where the initially excited singlet state is regenerated by fusion of two triplets. At 77 K and 4 K, the spectral behavior is more complicated. Note that tetracene undergoes a phase transition at ∼140 K (Refs. [44] [45] [46] ) to a polymorph with slightly different angles between the molecules in the herringbone lattice. It is likely that the crystal packing at 77 K and 4 K may have a higher amount of defects than the room temperature sample but the packing motifs in the high-and low-temperature phases are similar enough that the overall J-type aggregate behavior is expected to dominate in both. 45, 46 At 77 K, there are two dominant emitting species, shown in Figure 5(b) . The first, which is most pronounced in the 0-100 ps window, corresponds to the J-type aggregate emission analyzed in earlier papers. The major change in this time window is the increase of the 0-0/0-1 vibronic peak ratio, which can be attributed to an increase in the singlet exciton coherence length at lower temperatures. 47 The emission spectrum in the later time windows has a much different spectral shape, where the 0-0 peak is much smaller than the 0-1 peak. This TABLE I. All values have been normalized to A 1 = 1 in order to emphasize the relationship between the different lifetimes. τ 2 and τ 3 were fixed from the fits in Figure 4 , and A 2 and A 3 were fixed at the ratios from those fits. τ 1 was fixed from the single exponential fits similar to Figure 2 . The tri-exponential fits for these parameters can be found in SI Figure 2 . spectral shape is similar to what is expected from an H-type aggregate. 48 This second component is much longer lived than the J-type species, but has a much lower amplitude, so that the overall fluorescence decay in Figure 3 still reflects the rapid decay of the J-type emission. At 4 K, the situation again changes. In all three time windows, the spectra appear to be J-type, with the peak wavelength and 0-0/0-1 ratios steadily changing with time. In the first 500 ps, however, there is a rapid shift of the fluorescence from 528 nm to 535 nm. This rapid 200 cm −1 shift was also observed by Voigt et al., and they ascribed the two different peaks to two different species, denoted F and F , that both had similar spectral shapes and sub-ns decay times. 23 Our data also show the F → F transition, but these two species are located at slightly higher energies. We think this difference in energies reflects the different samples used in the experiments. Viogt et al. prepared ultrathin (7 nm) films on HOPG substrates, while our samples are thicker (20-30 nm) on glass or fused silica substrates. The more polarizable graphitic substrate used by Voigt et al. may result in a solvatochromic shift relative to the SiO 2 surface. But even after the F → F transition is complete within the first nanosecond, the emission spectrum continues to evolve up to 100 ns. Figure 6 shows how both the peak position and the 0-0/0-1 peak ratio change with time as the fluorescence decays. This continuous shift suggests that we are seeing lower energy sites in the crystal with decreasing delocalization lengths as time progresses.
The multiple emitting species observed at 77 K and 4 K could arise from two distinct mechanisms. One possibility is that in all cases a single initial state is populated by the excitation pulse, which then relaxes either by relaxation into dark states (e.g., SF) or by energy transfer to lower energy bright states. Structural defects in tetracene single crystals have been shown to give rise to a variety of different emissions, and it is likely that such defects are the origin of the different spectra seen in the 77 K and 4 K data. 23, 49 If the new emissive states seen at 77 K and 4 K are populated by energy transfer from the high-energy J-type exciton, then we would expect to see the decay of the high-energy spectral components to be accompanied by a rise in the low energy spectral region. Although we can try to fit the integrated fluorescence decay using a combination of rise times and decay times, 23 in general it is difficult to obtain unique solutions from a single time trace. A more robust approach is to simultaneously fit time traces at multiple wavelengths using a global linear least squares algorithm. 50, 51 We performed global analysis fits for the fluorescence signal at ten different detection wavelengths simultaneously in the 1 ns time window. The signals in all ten windows are fit using a biexponential function where the fast decay time is fixed by the τ 1 values in Table I , and the slower time is allowed to vary. Note that the slow-time component is different from the long-time components given in Table I . This difference is due to the different time windows analyzed for the different fits. The multi-wavelength fits and residuals can be seen in Figure  3 of the supplementary material. 40 We are mainly interested in whether the short-time fit components have both positive amplitudes (indicating population decay) and negative amplitudes (indicating population growth due to energy transfer). Figure 7 shows that, at all three temperatures, the analysis finds no significant negative amplitudes at any wavelength, which indicates that the emitting species decay independently of one another. Note that at 298 K the wavelength-dependent amplitudes of the long-and short-time components are identical as expected for delayed fluorescence. The lack of evidence for the low energy species gaining population from the high-energy species helps rule out energy transfer as a mechanism for populating these states at 77 K. Therefore, we think that the second mechanism, formation of defect states that are directly populated by photoexcitation and decay independently, is the dominant mechanism that explains the additional fluorescence at 77 K and 4 K.
The data in Figures 5(a) , 5(b), and 5(c) show that the same delocalized exciton is responsible for the early-time emission at all temperatures. The data in Figure 3 show that the rapid initial decay of this species is also present at all temperatures. In order to make sure that our fluorescence measurements are not overlooking some new species being formed at low temperatures, we also examined the transient absorption data at 77 K. The presence of a rapid singlet decay channel at 77 K is confirmed by our pump-probe data. We have found that higher pump energies affect only the excitonexciton annihilation rate and not the overall spectral shape. To obtain good signal-to-noise transient spectra, we measure them using 2 × 10 −4 J/cm 2 , a factor of 30 higher than the threshold for exciton-exciton annihilation. In Figure 8 , we present the early (100 fs) and later (1.75 ns) time spectra for tetracene thin films at both 298 K and 77 K. The two sets of spectra are remarkably similar, with the same pattern of peaks at both temperatures. As with the early time fluorescence spectra in Figure 5 , the 0-0 vibronic peak of the stimulated emission becomes more pronounced at 77 K as the effective cross section increases due to the exciton's larger coherence length. This enhanced TA signal at lower temperature is basically a signature of the superradiant singlet exciton deduced previously based on temperature-dependent absorption 52 and fluorescence measurements. [22] [23] [24] Due to the high fluence and possible complications from overlapping excited state absorption, we have not attempted to perform a global analysis of the TA kinetics. The key point of Figure 8 is that there is no significant change in the TA spectrum, despite the assumption that at 77 K the SF pathway is quenched.
Thus far we have used only 400 nm excitation pulses, and we now consider the possibility that the excess energy at this wavelength overcomes the activation barrier for SF at all temperatures. If this is the case, then the similarity between the initial singlet decays at the different temperatures would not be surprising, since the hot singlet would decay by SF even at low temperatures. Early studies of the fluorescence action spectrum suggested that at least some SF could occur via unrelaxed vibronic states, 53, 54 and Thorsmølle et al. identified two different singlet relaxation rates that they ascribed to two different SF pathways from hot and relaxed states.
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A mechanism based on nonequilibrium vibronic states might also help explain recent results on enhanced triplet formation using shaped femtosecond pulses. 55 But if this excess excita- tion energy is an important factor for the ability of the singlet exciton to undergo SF, then we would expect that its decay rate should be quite sensitive to the wavelength used to excite the sample. The energy of the singlet state is generally fixed at ∼18 680 cm −1 (535 nm), while the energy of the triplet pair, taken as twice the energy of a free triplet, is 20 200 cm −1 (498 nm). 1 This energy level spacing results in an activation energy for SF of 1520 cm −1 , although other estimates range from 1000 to 2000 cm −1 . 27, 41, 56, 57 In any case, based on these energies we would expect to see a threshold for the SF decay channel at around an excitation wavelength λ ex = 500 nm. This threshold should be more pronounced at lower temperatures, where there is less thermal energy to convolve with the excess energy from photoexcitation. In Figure 9 (a), we show the 298 K fluorescence decays for λ ex = 400 nm (25 000 cm 510 nm (19 500 cm −1 ). In Figure 9 (b), we show the same decays at 77 K. All the decays are rapid, on the order of 100 ps at both temperatures and there is no dependence on λ ex to within the experimental noise. We see no sign of the expected threshold behavior for the fast SF decay at either temperature. The conclusion is that the kinetics observed after excitation at 400 nm are identical to those obtained using other excitation energies much closer to the band edge. Excess photon energy does not explain the observation of a fast singlet decay at low temperature, where the SF mechanism had been assumed to be inoperative. This measurement establishes that the singlet decay does not depend on excitation energy, in contrast to the expectation based on a simple model of SF as an activated rate process.
The crystallinity of tetracene thin films has been confirmed by x-ray diffraction and electron microscopy studies. 58, 59 The similarity of the fluorescence spectra to those of single crystal samples 24, 60, 61 provides additional evidence that there are not significant differences in crystal packing or the electronic states between single crystal samples and evaporated polycrystalline thin films. Thus we are confident that our spectroscopic measurements are representative of the dynamics of the singlet exciton in crystalline tetracene, and not an artifact of our preparation method. Our analysis of the temperature-dependent fluorescence dynamics of polycrystalline tetracene thin films leads to two main conclusions. The first point is that any interpretation of the fluorescence intensities must take into account the different species that contribute to the fluorescence signal at lower temperatures. At 77 K, the long-lived species appear to have H-type character as judged from the small 0-0/0-1 vibronic peak ratio. It is possible that these emitters are associated with disordered sites within a crystal that has not yet completed its phase transition. If some tetracene molecules become parallel in isolated regions of the crystal as it undergoes its phase transition, the exciton character could switch from J-type to H-type. Such switching has been observed previously in anthracene pairs, 62 so there is precedence for both types of emission from aggregated polyacenes. At 4 K, all emission is J-type, possibly because at this temperature all the sites that give rise to H-type emission at 77 K have presumably settled into the low-temperature polymorph structure. The interesting thing about the 4 K data is that only the high energy, delocalized J-type emitters decay via the 100 ps channel. The lower energy species can be much longer lived, such as the H-type emitters at 77 K. The heterogeneous nature of the tetracene fluorescence at lower temperatures, possibly resulting from disorder induced by the solidstate phase transition, means that earlier assumptions that the low-temperature "prompt" fluorescence originates from the same singlet exciton that dominates the high temperature fluorescence may need to be revisited. We do find higher yields of "prompt" fluorescence at lower temperatures, but this additional fluorescence originates from the appearance of additional independent emitters, and not the closure of the ∼100 ps decay channel that is ascribed to SF at room temperature. This observation leads to the second main point: that the initially excited J-type singlet exciton decays on the ∼100 ps time scale at all temperatures. Since it is reasonably well established that triplets are the dominant products of the singlet decay at room temperature, the question is why the ∼100 ps singlet decay persists, even when other types of experiments seem to show that SF is not occurring. One possibility is that as the temperature is lowered, another relaxation mechanism turns on as SF turns off, but the identity of this relaxation channel, the origin of its anomalous temperature dependence, and its fortuitous ability to exactly balance the decrease in the SF rate are all unclear. The existence of the long-time bleach at 77 K rules out internal conversion to the ground state, for example.
A more reasonable alternative is that the same process is occurring at all temperatures that causes the rapid singlet decay. This process eventually leads to free triplet excitons at room temperature but not at lower temperatures. In fact, the standard reaction scheme that has been used previously to interpret the magnetic field-dependent experiments postulates a two-step process 1, 63-65
where the rates are labeled to be consistent with earlier notation. 1 In this model, the initial creation of a delocalized S 1 exciton is followed by rapid (∼100 ps) relaxation into a dark state consisting of a bound triplet pair (T 1 T 1 ). The existence of such a state has been suggested by several theoretical calculations on pentacene. 66, 67 The computational evidence for such states in a closely related system suggests that they could also exist in tetracene, although the triplet-singlet energy gap is quite different in the two systems. The production of coherently coupled triplet pairs has also been inferred from the observation of oscillations in the delayed fluorescence. 68, 69 An alternate candidate for a dark intermediate state would be a charge-transfer state that has been postulated to play a role in SF. 3, 21 The charge-transfer states of tetracene that have been identified through electroabsorption spectroscopy are higher in energy than the Frenkel exciton, 70, 71 but it is possible that rapid lattice distortion after singlet excitation leads to a dark state with charge-transfer character. 10 However, there is no sign of this state at 77 K as either a long-lived induced absorption in the transient absorption or in the form of excimer emission. In either case, if formation of the intermediate state is the origin of the ∼100 ps singlet decay, then it would have to be formed through a barrierless pathway in order to explain the lack of temperature dependence. Once this dark intermediate state is formed, the SF process is still not complete, since this bound pair must still dissociate into free triplet excitons. If this dissociation is thermally activated, then the production of free triplets is curtailed at low temperatures, but not the initial formation of the bound pair. The picture that emerges is that the intermediate state must be lower in energy than S 1 and also the free triplet pair T 1 + T 1 .
CONCLUSIONS
This paper continues our study of the photodynamics of polycrystalline thin films. After analysis of the pump-probe decay dynamics over two orders of magnitude of pump energy, we have revised the conclusions of Paper I as to the role of fluorescent defect states. At excitation densities below the threshold for exciton-exciton annihilation, we find that the pump-probe and fluorescence decay rates are in quantitative agreement. The disagreement between the two experiments in Paper I resulted from the use of very different pump fluences, and not from the presence of rapidly formed emissive defect states. This result simplifies the interpretation of the room temperature dynamics, since we no longer have to invoke two different singlet species to explain the dynamics. We find that as the temperature is lowered, additional longlived emitting species appear that increase the total amount of fluorescence, but that the fast decay of the initially excited J-type exciton persists at all temperatures. To explain the persistence of the rapid singlet decay, combined with the disappearance of the delayed fluorescence at low temperatures, we adopt the two-step kinetic model used by earlier workers to analyze magnetic field effects. If the dissociation into free triplets is thermally activated, while formation of the intermediate state is not, we can provide at least a qualitative explanation for the persistence of the ∼100 ps singlet exciton decay at all temperatures. Although we postulate that this intermediate state could be either a bound triplet pair or a charge-transfer state, its character has yet to be determined. We are currently using variable magnetic fields to examine how shifting the triplet energy levels affects the photodynamics of the singlet state and gain more insight into the identity of the intermediate state.
